Abstract An examination of the Arabidopsis thaliana genome sequence led to the identification of 29 predicted genes with the potential to encode members of the chaperonin family of chaperones (CPN60 and CCT), their associated cochaperonins, and the cytoplasmic chaperonin cofactor prefoldin. These comprise the first complete set of plant chaperonin protein sequences and indicate that the CPN family is more diverse than previously described. In addition to surprising sequence diversity within CPN subclasses, the genomic data also suggest the existence of previously undescribed family members, including a 10-kDa chloroplast cochaperonin. Consideration of the sequence data described in this review prompts questions about the complexities of plant CPN systems and the evolutionary relationships and functions of the component proteins, most of which have not been studied experimentally.
INTRODUCTION
Chaperonins are a diverse family of molecular chaperones that are present in the plastids, mitochondria, and cytoplasm of all eukaryotes and eubacteria. Type I chaperonins include mitochondrial and chloroplast proteins of approximately 60 kDa, which function in a tetradecameric, double-torus-shaped complex consisting of either 1 or 2 subunit types. Type II chaperonins are the cytoplasmic counterparts of the type I chaperonins and consist of double-torus complexes of 16 subunits, which, in eukaryotes, are composed of 8 subunit types. Although type I chaperonins function with a cochaperonin protein, no analogous cochaperonin has been found to be required for type II chaperonin function, although a protein cofactor, prefoldin (PFD), has been identified. Using resources associated with the Arabidopsis Genome Initiative (http:// www.arabidopsis.org/info/agi.html), we have examined the Arabidopsis sequence and annotation databases for information relating to members of the chaperonin protein families.
METHODS

Databases and sequence identification
Sequence databases used in the analysis presented herein include GenBank (http://www.ncbi.nlm.nih.gov), TIGR option in protdist. Trees were generated from distance data by neighbor joining. Consensus trees were calculated using consense, and branch lengths were imposed on the consensus trees using fitch. Trees were viewed with TreeView v1.6.1 (R. D. M. Page 2000). All software for alignment and tree generation was accessed through the Canadian Bioinformatics Resource (http://www.cbr.nrc. ca).
TYPE I CHAPERONIN AND COCHAPERONIN PROTEINS
Cpn60
The term chaperonin was originally coined as a group term to refer to homologous, approximately 60-kDa polypeptides that were identified in plant chloroplasts and in Escherichia coli and that function as molecular chaperones (Hemmingsen et al 1988) . These proteins (Cpn60) are ubiquitous in eubacteria and in the plastids and mitochondria of eukaryotes. Typically, they function as a pair of stacked rings, each containing 7 subunits (Saibil 2000) , although there is evidence that single rings may be functional Nielsen and Cowan 1998; Nielsen et al 1999) . Plastid Cpn60 appears to be distinct from homologous proteins in bacteria and mitochondria in that it is composed of 2 distinct subunit types, ␣ and ␤ (Martel et al 1990; Nishio et al 1999) .
Eleven Arabidopsis genomic sequences were identified as having potential to encode Cpn60 proteins (Table 1) . Six of these appear to encode plastidic Cpn60 subunits, including 2 ␣ subunits and 4 ␤ subunits. Each includes a putative transit peptide sequence (Table 2) . A seventh genomic sequence appears to be a plastidic Cpn60 ␤-subunit pseudogene. The remaining 4 genomic sequences include 3 that appear to encode mitochondrial Cpn60 polypeptides and an apparent mitochondrial protein pseudogene.
Of the 3 potential mitochondrial Cpn60 proteins shown in Table 1 , only 2 contain predicted mitochondrial targeting peptides (Table 2 ). Cpn60(1) is only 524 amino acids in length, and if aligned with Cpn60(2) and Cpn60(3), it appears that the shorter length is accounted for by an N-terminal truncation of 60 residues. An examination of the genomic DNA sequence upstream of the predicted start of the Cpn60(1) coding sequence shows the potential for additional N-terminal sequence very similar to the corresponding sequences of Cpn60(2) and Cpn60(3), so the possibility exists for an alternative start for Cpn60(1) that would contain the expected mitochondrial targeting peptide. The expression of a complementary DNA (cDNA) corresponding to Cpn60(2) was described as being developmentally regulated and induced by heat shock (Prasad and Stewart 1992) . However, the cDNA probe the authors used to identify other mitochondrial Cpn60 sequences in the Arabidopsis genome failed to recognize the other mitochondrial Cpn60 genes apparently present in the genome. Zabaleta et al (1992) identified 2 closely related Cpn60-␤ transcripts and suggested, based on Southern analysis of the genome, that the Cpn60-␤ family of Arabidopsis likely contained at least 3 very similar Cpn60-␤ proteins. However, the authors did not recognize the apparent fourth member of this family, perhaps not surprisingly, considering that although the first 3 Cpn60-␤ proteins are 90-95% identical to each other, the outlier Cpn60-␤ (Cpn60-␤[4] in Table 1 and Fig 1) is only on the order of 63% identical to any of the others. The protein identified in Table 1 and Figure 1 as Cpn60-␤(3) has been further characterized with respect to its expression patterns and its possible roles in the chloroplast (Zabaleta et al 1994a (Zabaleta et al , 1994b .
The 9 Arabidopsis plastidic and mitochondrial Cpn60 sequences were included in a multiple sequence alignment that also included the available full-length sequences from other plant and algal species. A phylogenetic tree derived from this alignment shows the 3 expected clusters of sequences for the 2 plastidic subunits and for the mitochondrial sequences (Fig 1) .
Genes encoding the distinct plastidic subunit types are assumed to have arisen from an ancient gene duplication event (Wastl et al 1999; Archibald et al 2000) and thus ␣ and ␤ genes are considered to be paralogous (Fitch 1970) . Genes encoding plastidic and mitochondrial homologues are believed to be derived from independent endosymbiotic events and as such the terms paralogous and orthologous do not apply.
Primary structures of plastid ␣ and ␤ subunits and mitochondrial subunits are highly divergent, a fact illustrated by the phylogenetic tree in Figure 1 . For example, the ␣ and ␤ subunits of Arabidopsis Cpn60 are approximately 51% identical to each other and approximately 45% identical to the mitochondrial Cpn60 protein. These intersubunit identities are similar to those found between prokaryotic Cpn60 homologues and any of the eukaryotic subunits: the E coli Cpn60 homologue is 48%, 52%, and 57% identical to the ␣, ␤, and mitochondrial Cpn60 proteins of Arabidopsis, respectively.
Diversity of primary structure is also apparent within each subunit type, particularly within the ␣ subunits. One Arabidopsis Cpn60-␣ polypeptide (Cpn60-␣[2]) appears to have orthologues in other dicots and monocots and an apparent paralogue (Cpn60-␣[1]) that is only 57% identical in peptide sequence (60%, excluding the putative transit peptide) and for which, to date, orthologues have not been described in other species. The 3 distinct ␣ subunit peptide sequences reported from Brassica napus chloroplast stroma (Cloney et al 1994) are each much closer (1) Putative chaperonin b This peptide sequence was not found among GenBank peptide records at the time of writing. The protein sequence is translated from genomic clone F17K4 (nucleotide accession number AC068655).
c This peptide sequence was not found among GenBank peptide records at the time of writing. The protein sequence is translated from genomic clone F22D1 (nucleotide accession number AF296834).
in sequence to Cpn60-␣(2) than to Cpn60-␣(1). The 2 Arabidopsis Cpn60-␣ proteins are similar in length (575 and 586 amino acids, Table 2 ), and sequence differences are evenly distributed along the length of the proteins. It seems likely that orthologues of Cpn60-␣(1) exist in other plant species but have not been identified to date, perhaps in part because of the divergence in sequence. An intriguing possibility is that this outlier sequence somehow relates to the observations made by Schlicher and Soll (1996) , which suggest a 1-component Cpn60 complex in the thylakoid lumen of pea chloroplasts composed of a Cpn60-␣-like protein. As suggested by the authors, this thylakoid Cpn60 could be identical to one of the stromal Cpn60-␣ proteins, transported across the thylakoid membrane into the lumen, or an independent gene product exclusively targeted to the thylakoid lumen.
There is also sequence diversity within plastid Cpn60-␤ subunits. Arabidopsis has 3 Cpn60-␤ subunit paralogues that are similar to each other (pairwise sequence identities are 92%, 86%, and 85%) and a fourth that is only 60% identical to each of the other 3. In this case, examination of the sequence predicted for this fourth Cpn60-␤ subunit reveals that relative to the other paralogues it has a Cterminal extension of about 27 residues, raising the possibility that most of the differences between this sequence and other Cpn60-␤ sequences could be accounted for by this region and that it may constitute an error in the available sequence data or its interpretation. However, an examination of the nucleotide sequence data encoding Cpn60-␤(4) did not reveal a likely alternative translation product, and if the C-terminal 27 residues of Cpn60-␤(4) are ignored in the pairwise comparison of Arabidopsis Cpn60-␤ sequences, Cpn60-␤(4) is still only 67-68% identical to the other 3 Cpn60-␤ proteins.
Cochaperonins Cpn10 and Cpn21
Cpn60 proteins act in concert with cochaperonin proteins, typically 10-kDa polypeptides that function as a ring containing 7 subunits (Saibil 1996) . Plastids contain a cochaperonin subunit that is approximately double this size, which appears to have evolved as an endoduplication (Bertsch et al 1992) . Plant plastid and mitochondrial cochaperonin proteins have been referred to by a number of names, including Cpn21 and Cpn10, the latter referring to both the mitochondrial protein and the larger, 21-kDa plastid homologue (Viitanen et al 1998) .
Five genomic sequences were identified as potentially encoding cochaperonin proteins (Table 1) . One of these sequences potentially encodes the 21-kDa chloroplast cochaperonin protein, 2 encode putative 10-kDa mitochondrial cochaperonins, and the other 2 may correspond to the 10-kDa chloroplast thylakoid luminal cochaperonin observed by Schlicher and Soll (1996) in pea chloroplasts.
The chloroplast Cpn21 is a functional homologue of the mitochondrial Cpn10 and Cpn21 proteins that have been identified in Arabidopsis and pea (Schlicher and Soll 1996) and spinach (Bertsch et al 1992; Baneyx et al 1995; Bertsch and Soll 1995) . Expressed sequence tag data for a putative Cpn21 homologue from Lycopersicon esculentum are also available (Fig 3) . Cpn21 proteins consist of 2 Cpn10-like domains following a transit peptide. The 2 Cpn10-like domains are generally less than 50% identical to each other in sequence.
Tetramers of Cpn21 were detected when a cDNA corresponding to Arabidopsis Cpn21 was expressed in E coli Koumoto et al 1999) . It has also been reported that Arabidopsis Cpn21 forms tetramers in vivo and that these tetramers interact with the Cpn60 tetradecamer (Koumoto et al 1999) . The predicted chloroplast localization of this Cpn21 protein has been confirmed experimentally (Koumoto et al 1999) . It has been recently observed that Arabidopsis Cpn21 is a calmodulinbinding protein and that the calcium-calmodulin messenger system may be involved in regulating Rubisco assembly in the chloroplast (Yang and Poovaiah 2000) .
Experimental evidence for the existence of the protein designated Cpn10(1) in Table 1 has been provided in a study that demonstrated that this Arabidopsis cochaperonin is localized to the mitochondria of transgenic tobacco and that it can functionally complement E coli GroES (Koumoto et al 1996) . Our analysis of the Arabidopsis genome suggests the existence of a second mitochondrial Cpn10, which is 75% identical in sequence to Cpn10(1).
The most interesting finding in the Arabidopsis genome sequence regarding potential Arabidopsis cochaperonins was the identification of 2 potential chloroplastidic, 10-kDa cochaperonins (Table 1) . Both of these protein sequences include a predicted chloroplast transit peptide that when cleaved would result in a mature protein size of 100 amino acids for both proteins (Table 2, Fig 2) . Neither of these sequences has been reported in the literature, but sequence database searches resulted in the identification of a potential homologue from L esculentum (Fig  2) . Also, a report by Schlicher and Soll (1996) described the presence of a 10-kDa cochaperonin in the thylakoid lumen of pea chloroplasts, which could be a homologue of the predicted Arabidopsis sequences. This putative 10-kDa cochaperonin may have been observed in other studies of pea chloroplasts (Bertsch et al 1992) and spinach chloroplasts (Ryan et al 1995) . Figure 3 shows the phylogenetic relationships of available cochaperonin protein sequences from plants, including mitochondrial Cpn10, the N-and C-terminal halves Phylogenetic relationships of plant mitochondrial and putative chloroplast Cpn10 proteins and N-and Cterminal portions of plant Cpn21 proteins derived from predicted mature peptide sequences (transit peptides removed). The tree was generated with distance data calculated using the PAM matrix option of protdist, followed by neighbor joining. Scale bar indicates 0.1 substitution per site. Bootstrap values for the clusters (chloroplast Cpn10, mitochondrial Cpn10, N-terminus of Cpn21, and C-terminus of Cpn21) were all greater than 80%, indicating the robustness of the clusters. Mitochondrial Cpn10 sequences included in this tree are from O sativa (GenBank accession number AAB63591), B napus (AAB07452), and A thaliana (AC0121892, AAC00609). Chloroplast Cpn10 sequences are from L esculentum (AW649119) and A thaliana (CAB75936, AAC27467). Cpn21 proteins sequences are from L esculentum (AAF60293), Spinacia oleracea (AAB59307), and A thaliana (AF2680681).
of the ''double-Cpn10,'' chloroplast Cpn21, and the putative chloroplast Cpn10. It is clear from this dendrogram that the sequences cluster according to protein family and that members of the same Cpn10 subtype from different species are more closely related to each other than different Cpn10 types within the same species. For example, considering only the mature forms of the proteins, Arabidopsis mitochondrial Cpn10(1) is only 31% identical (42% similar) to Arabidopsis chloroplast Cpn10(1), whereas it is 67% identical (78% similar) to Oryza sativa mitochondrial Cpn10. As with the different organellar forms of Cpn60, it seems likely that the mitochondrial and chloroplastidic forms of Cpn10 arose from independent endocytic events during the evolution of plants. It is also interesting that the 2 halves of Cpn21 are as different from each other (42% identical, 55% similar) as they are from either of the other forms of Cpn10.
TYPE II CHAPERONIN AND PFD PROTEINS
The cytoplasmic chaperonin CCT
Like the organellar Cpn60 chaperonin, the eukaryotic cytosolic chaperonin CCT (for chaperonin containing TCP1) (also called TRiC for TCP1 ring complex) is a double toroidal protein complex. However, rather than the 1-or 2-subunit composition of Cpn60, the CCT complex is composed of 8 related but distinct subunits (CCT-␣, ␤, , ␦, ⑀, , , and ) (reviewed in Gutsche et al 1999) . Based on sequence similarities, CCT is thought to be related to the archaeal thermosome. Although there are thousands of possible combinations of the 8 subunit types, it is likely that each ring of the double torus consists of 1 of each of the 8 subunit types in a particular arrangement (Liou and Willison 1997) . Sequence is available for many CCT subunits from a variety of eukaryotic organisms, and com-plete sets of 8 subunit sequences are available for several species, including mouse, human, Caenorhabditis elegans, and Saccharomyces cerevisiae. Before the completion of the Arabidopsis genome, there has been little information available for plant CCT proteins: only CCT-⑀ subunit sequences and partial characterization for Cucumis sativus (Ahnert et al 1996) and Avena sativa (Ehmann et al 1993; Moser et al 2000) .
A search of the Arabidopsis genome yielded 9 predicted coding regions distributed among chromosomes I, III, and V, which encode proteins similar to CCT proteins ( Table 1 ). The annotations available in the Arabidopsis thaliana Annotation Database assigned ␤, ␥, ⑀, , and subunits, whereas the remaining 4 putative translation products were annotated as ''chaperonin'' or ''T-complex protein'' with no subunit designation. A comparison of these semiannotated proteins to GenBank proteins permitted their identification as CCT-␣, ␦, and , with 2 of them corresponding to CCT-. Using these identified proteins as sequence similarity probes in the Arabidopsis genome did not lead to the identification of any additional, unannotated CCTs.
The 2 predicted CCT-coding regions are found on chromosomes III and V, and the predicted protein sequences are 96% identical. The presence of multiple copies of CCT subunits is not unprecedented, since a similar arrangement is found in human and Kubota et al (1997) demonstrated that a second CCT-subunit is facultatively expressed in mouse testis. Figure 4 indicates the phylogenetic relationships of a number of eukaryotic CCT subunits. The tree clearly illustrates that homologous subunits from different eukaryotic species are more similar to each other than are the different subunits from the same species. For example, Arabidopsis CCT-␣ and CCTare 31% identical (42% similar), whereas Arabidopsis CCT-␣ and C elegans CCT-␣ are 63% identical (73% similar). The intrasubunit similarities are even greater for more closely related taxa: Arabidopsis CCT-⑀ is 91% identical (96% similar) to C sativus CCT-⑀. There is currently no published characterization of any predicted Arabidopsis CCT proteins.
Prefoldin
Given the evolutionary relationship of group I and group II chaperonins (Kubota et al 1995) , the lack of a cytosolic homologue of the organellar cochaperonins, Cpn10 and Cpn21, is somewhat surprising, although it has been suggested that the ␣-helical extensions of the apical domain of the CCT subunits may be able to form a cap structure functionally analogous to that provided for Cpn60 by its cochaperonin (Saibil 2000) . Recent developments in the search for a CCT cofactor have led to the identification of the PFD complex of proteins (Vainberg et al 1998) (also called GimC, for genes involved in microtubule biogenesis complex (Geissler et al 1998) ).
The PFD complex consists of 6 sequence-related subunits (Pfd1-6) and appears to function in binding nascent proteins (especially actin and tubulin) and transferring them to CCT for folding into native protein structure (Geissler et al 1998; Vainberg et al 1998; Hansen et al 1999) . The PFD subunits of eukaryotes and of the archaeal PFD homologue fall into 2 classes, ␣ and ␤, based on their size and predicted structure (Leroux et al 1999) . Although archaea generally have only 1 of each subunit type, eukaryotes possess 2 subunits of the ␣ type (Pfd2 and Pfd5) and 4 subunits of the ␤ type (Pfd1, Pfd3, Pfd4, Pfd6). Both subunit types consist of 2 long coiled-coil domains separated by either 2 (in ␤ class subunits) or 4 (in ␣ class subunits) ␤ strands. The archaeal PFD structure has been solved and shows that the overall structure is reminiscent of a jellyfish, with the coiled-coils forming 6 double tentacles hanging from the body of ␤ strands (Siegert et al 2000) . In addition to chaperoning nascent cytoskeletal proteins and escorting them to CCT for folding, PFD may play a role in protecting unfolded proteins during CCT ''cycling'' (the repeated capture and release of proteins during the folding process). Although complete sets of 6 PFD subunit sequences are available for several organisms, including human, S cerevisiae, Schizosaccharomyces pombe, and C elegans, the only plant sequence data available to date have been for Pfd4 of Avena fatua.
Representatives of all 6 PFD subunits were found in the Arabidopsis genome distributed on chromosomes I, II, III, and V; however, only 1 of these (Pfd2) was annotated as a PFD (Table 1 ). The remaining 5 PFD subunits were identified by sequence similarity searching within the Arabidopsis genome using yeast and mammalian PFD subunit sequences as probes. In 2 cases (Pfd1 and Pfd6), exons not included in the Arabidopsis thaliana Annotation Database predicted translation products were included to produce a full-length PFD subunit sequence. Figure 5 illustrates the phylogenetic relationships of PFD subunits, including those encoded by Arabidopsis. Bootstrap analysis of the tree shown in Figure 5 showed that although the subunits consistently grouped into 6 clusters, the arrangement of branches connecting the clusters were inconsistent and received low bootstrap values. This is similar to the situation observed in a previous analysis of fewer PFD sequences, including archaea, eubacteria, and eukaryotes (Leroux et al 1999) . Similarly to CCT subunits, PFD subunits are more similar to their homologues from other species than to other subunits within the same organism. Arabidopsis Pfd4 is only 19% identical (27% similar) to Arabidopsis Pfd1, but it is 34% identical (46% similar) to C elegans Pfd4 and 71% identical Phylogenetic relationships of eukaryotic cytoplasmic chaperonin (CCT) subunits. The subunit clusters are indicated by labels on the major branches (␣, ␤, ␥, ␦, ⑀, , , and ). The tree was generated with distance data calculated using the PAM matrix option of protdist, followed by neighbor joining. Scale bar indicates 0.1 substitution per site. Bootstrap values for the 8 subunit clusters were all greater than 90%, indicating the robustness of these clusters. CCT-␣ subunit proteins included in the tree are from Trichomonas vaginalis (GenBank accession number AAG18494), Giardia intestinalis (AAG18500), A thaliana (BAA01955), C elegans (AAB05072), S cerevisiae (NP010498), Homo sapiens (P17987), and Mus musculus (228954). CCT-␤ subunit proteins are from G intestinalis (AAG18501), C elegans (AAA93233), S cerevisiae (S48232), H sapiens (P78371), M musculus (CAA83428), and A thaliana (TIGR locus 68077.t00006). CCT-␥ subunit proteins are from Guillardia theta (CAB40401), S cerevisiae (NP01250), C elegans (AAF35963), A thaliana (AAC26244), H sapiens (NP005989), and M musculus (CAA83431). CCT-␦ subunit proteins are from M musculus (BAA81875), H sapiens (AAC96010), A thaliana (BAB02032), S cerevisiae (CAA98716), C elegans (AAA92842), and T vaginalis (AAG18497). CCT-⑀ subunit proteins are from Avena sativa (CAA53396, CAA53397), A thaliana (AAB61513), C sativus (1587206), M musculus (CAA83430), S cerevisiae (S57083), C elegans (AAA92843), and G intestinalis (AAG18504). CCT-subunit proteins are from S cerevisiae (CAA98716), A thaliana (C01679512), C elegans (AAC19229), M musculus (CAA83274), and H sapiens (AAC96011). CCT-subunits are from Candida albicans (P47828), G intestinalis (AAG18505), A thaliana (AC0116986), H sapiens (XP009716), C elegans (AAF60806), S cerevisiae (P47079), and M musculus (CAA85521, BAA81879). TriC-subunit proteins are from S cerevisiae (P39079), C elegans (P46550), G intestinalis (AAG18506), T vaginalis (AAG18498), A thaliana (AAF32460, CAC01806), H sapiens (P40227), and M musculus (CAA83432, BAA81891).
(80% similar) to A fatua Pfd4. In general, PFD subunit sequences are less conserved than CCT subunits both within subunit types and between species. One possible explanation for this is that a large portion of the PFD sequence is accounted for by 2 coiled-coil domains, and beyond the required coiled-coil heptad repeat, there would be little selective pressure to conserve primary structure in these regions. Currently, there is no published characterization of any of the putative Arabidopsis PFD subunit proteins.
CONCLUSIONS
The availability of the complete genomic sequence of Arabidopsis provides an unprecedented opportunity to examine and consider what may constitute the entire chaperonin family of proteins from a plant. Perhaps most importantly, this analysis points to many questions to be explored regarding the members of this family in plants and other organisms.
The surprising degree of sequence diversity found Phylogenetic relationships of eukaryotic PFD subunits Pfd1-6. The tree was generated with distance data calculated using the PAM matrix option of protdist, followed by neighbor joining. Scale bar indicates 0.1 substitution per site. Pfd1 sequences included in the tree are from S cerevisiae (Genbank accession number P46988), A thaliana (AAD15526*), C elegans (Q17827), H sapiens (O60925), S pombe (O14334), and Neurospora crassa (T50987). Pfd2 sequences are from A thaliana (BAB01463), S pombe (Q9UTC9), S cerevisiae (P40005), Drosophila melanogaster (Q9VTE5), Mus musculus (O70591), Homo sapiens (AAF17218), C elegans (Q9N5M2), and Leishmania major (CAB71282). Pfd3 sequences are from S cerevisiae (P48363), S pombe (Q10143), A thaliana (BAB10764), L major (CAB98114), D melanogaster (Q9VTE5), H sapiens (CAA76761), and C elegans (O18054). Pfd4 sequences are from D melanogaster (Q9VRL3), H sapiens (CAB98782), C elegans (Q17435), A thaliana (AAF99774), A fatua (Q9M4C4), S cerevisiae (P53900), and S pombe (Q9UTD4). Pfd5 sequences are from S pombe (Q94307), S cerevisiae (Q04493), A thaliana (BAB11184), H sapiens (Q99471), M musculus (NP064415), D melanogaster (Q9VCZ8), L major (AAF01572), and C elegans (Q21993). Pfd6 sequences are from S pombe (O14450), S cerevisiae (P52553), C elegans (P52554), D melanogaster (Q9VW56), A thaliana (AAG52059*), H sapiens (O15212), and M musculus (Q03958). A thaliana sequences marked with asterisks are modified by the authors to include exons adjacent to those annotated by TIGR Arabidopsis thaliana Annotation Database (see text for details).
among members of the Cpn60 family suggests that orthologues of the outlier Cpn60-␣ and ␤ remain to be discovered in other plant species and that the chloroplast Cpn60 family may in fact be larger and more diverse than currently available sequence data would suggest. It is also possible that one or both of the outlier chloroplast Cpn60 sequences encodes the thylakoid luminal Cpn60 observed in pea chloroplasts (Schlicher and Soll 1996) .
Another important observation resulting from the analysis presented herein is the possibility of a 10-kDa chloroplast cochaperonin, which supports the findings of Schlicher and Soll (1996) , who recognized the possibility of the coexistence of 2 chaperonin systems in the stroma and thylakoid lumen of the chloroplast. The potential presence of a 10-kDa chloroplast cochaperonin in addition to the previously recognized Cpn21 is intriguing. What is the role of this protein in the chloroplast? Do both Cpn21 and 10-kDa cochaperonin proteins interact with the same Cpn60 complexes or are chaperonin duties in the chloroplast performed between 2 different systems, divided between the stroma and the thylakoid lumen? The answers to these and other questions will naturally depend on continued efforts to identify and characterize plant chaperonin proteins, but the availability of sequence data for all the potential candidate proteins from a model organism such as Arabidopsis will certainly narrow and focus the search.
